A hydrogen-filled capillary discharge waveguide made of quartz is presented for high-energy laser wakefield acceleration (LWFA). The experimental parameters (discharge current and gas pressure) were optimized to mitigate ablation by a quantitative analysis of the ablation plasma density inside the hydrogen-filled quartz capillary. The ablation plasma density was obtained by combining a spectroscopic measurement method with a calibrated gas transducer. In order to obtain a controllable plasma density and mitigate the ablation as much as possible, the range of suitable parameters was investigated. The experimental results demonstrated that the ablation in the quartz capillary could be mitigated by increasing the gas pressure to ~7.5-14.7 Torr and decreasing the discharge current to ~70-100 A. These optimized parameters are promising for future high-energy LWFA experiments based on the quartz capillary discharge waveguide.
I. INTRODUCTION
In recent years, laser wakefield acceleration (LWFA) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has attracted considerable attention owing to its potential applications in small-scale high-energy electron accelerators，as well as compact X-ray freeelectron lasers 11, 12 , terahertz radiation 13 , and monoenergetic gamma-ray sources 14, 15 . Although high-2 quality tunable monoenergetic electron beams with low energy spread, low divergence angle, and high brightness have been produced 4, 5, 16 by supersonic helium or hydrogen gas jets, the high energy gain remains a severe challenge for LWFA 8 . Previous experiments have demonstrated that a plasma channel, produced by a several-centimeter-long capillary discharge waveguide 2, 7, 8 , can effectively achieve multiGeV energy acceleration 17, 18 .
Two kinds of capillary discharge waveguides, ablative capillary [19] [20] [21] and gas-filled capillary 2, 22, 23 , have been used to generate such plasma channels 24 . Ablative capillaries are commonly made of organic materials with a low melting point (~130°C), such as polyethylene (CH2)n and polyacrylate. Their structure is simple and easily obtained by mechanical processing. However, the lifetime of these capillaries is greatly affected by the erosion of their inner wall material during the discharge process, leading to low stability and low repeatability. Compared with the ablative capillary with a simple structure, the gas-filled discharge capillary is more complex as gas is injected inside. However, gas-filled capillary waveguides have significant advantages, such as good discharge stability, adjustability of the plasma density, and long device lifetime. In addition, for hydrogen-filled capillaries, the gas can be fully ionized to minimize the spectral or temporal distortion of the guided laser pulse.
Owing to these advantages, gas-filled capillaries have been widely used in LWFA experiments. In these experiments 2, 5, 7 , in order to avoid ablation to a certain extent, high melting point materials, such as sapphire and diamond, are used to manufacture gas-filled capillaries. The melting point of these materials are ~2000-3500°C; thus, they are much harder to be ablated compared with organic materials. In addition, the high thermal conductivity and thermal shock resistance of these materials also protect the capillary from the ablation and thermal shock of the high-power laser 25 . However, compared with an ablative capillary, the fabrication of a gas-filled capillary is exceedingly complicated. Gas-filled capillaries generally consist of two sapphire or diamond plates, each with a laser-machined half-cylindrical groove on its surface. When the grooves are aligned to form the channel, it is necessary for the two plates to be sealed perfectly to avoid leakage and deformation. This becomes more difficult if a long channel, such as one on the scale of meters, is needed.
In this paper, to simplify the fabrication of gas-filled capillaries, we propose a gas-filled capillary made 3 of quartz as an alternative. Unlike the capillary comprised of two plates, a high-quality quartz capillary can be fabricated directly like a fiber drawing, and the fabrication of a long quartz capillary is not complicated. The drawback of using quartz is that its melting point (~1200°C) and thermal conductivity are lower than those of sapphire and diamond, which indicates that it can be ablated easier by the same discharge current. In order to mitigate the ablation, obtain a controllable plasma density in the hydrogenfilled capillary, and apply it to LWFA, we analyzed the ablation quantitatively by measuring the ablation plasma (AP) density during the discharge process, and obtained suitable discharge current range and gas pressure ranges. The measurement of the AP density was performed by combining a spectrometer with a calibrated gas transducer 5 . The total plasma density was measured by the Stark broadening method [26] [27] [28] using a spectrometer and the injected gas plasma (GP) density can be obtained from the gas transducer by detecting the gas pressure inside the capillary. Then, the AP density can be calculated by subtracting the GP density from the total plasma density when the gas in the capillary is completely ionized and the ablation has occurred.
This paper is organized as follows. In Sec. II, we mainly lay out the experimental setup, including the capillary discharge system, single-point plasma density measurement system and gas pressure calibration system. We also investigate the axial distribution of the plasma density by the single-point plasma density measurement system. In Sec. III, the ablation occurred in quartz capillary is determined and the parameters (discharge current and gas pressure inside the capillary) that influence the ablation are investigated by measuring the AP density. In order to mitigate the ablation in the quartz capillary and obtain a controllable plasma density, the suitable parameters ranges are optimized in this section. Finally, the conclusions are given in Sec. IV.
II. EXPERIMENTAL SETUP

A. Hydrogen-filled capillary discharge system
The schematic diagram of the gas-filled capillary discharge system is shown in Fig. 1(a) , where a 500-m-diameter and 6-cm-long transparent quartz capillary is used and placed in a vacuum chamber evacuated below 10 −4 Torr in experiments. The capillary was filled with hydrogen gas via two 500-m-diameter slots located 1.5 mm away from each end of the capillary. The gas pressure was controlled to be 4 between 1.9 Torr to 21.0 Torr for a duration of ~120 ms by a valve controller (Parker) and triggered by a digital delay generator (DDG, DG-535). A 5.6-nF capacitor was charged to high voltages up to 25 kV to produce different discharge currents for plasma generation. A spark gap switch driven by a Nd:YAG laser pulse was triggered by the DDG and switched on the discharge circuit. The discharge current was recorded by an integrating current transformer (ICT) and the current profile was acquired by an oscilloscope (Tektronix-MDO3104). Based on this discharge system, a typical time-dependent discharge current profile recorded by the oscilloscope is shown in Fig. 2 . The trigger pulse signal was detected by a phototube. The discharge time delay, defined as the time delay of the starting point of the discharge process and the trigger pulse signal, was approximately 120 ns with a jitter of 5 ns, and the peak discharge current occurred at ~440 ns. Within this stable discharge circuit and low-discharge jitter, the plasma density in the capillary during the discharge process can then be measured. 
B. Single-point plasma density measurement
To investigate the plasma density in the hydrogen-filled quartz capillary, we first measured the singlepoint plasma density by a spectrometer in the cross direction, as shown in Fig. 1 
C. Calibration with the gas transducer
In order to obtain the GP density in the capillary accurately, it is necessary to determine the gas pressure inside the capillary. A continuous-flow controller at pressure PH 2 was used to supply H2 gas into the capillary with a duration of ~120 ms. A gas transducer (EPIH, Measurement Specialties) was used to calibrate the gas pressure inside the capillary when the specific pressure PH 2 was supplied. The layout for the calibration is shown in Fig. 4(b) , and as a comparison, Fig. 4(a) shows the layout for the capillary discharge experiment. As can be seen in Fig. 4(b) , the transducer is attached to one of the end faces of the capillary to measure the gas pressure inside the capillary, and the adjacent gas slot is blocked. Fluid 7 dynamics simulations in Figs. 4(c)-(d) indicate that under the same PH 2 , the gas pressure between the two slots in Fig. 4 (a) is identical to that between the slot and the transducer in Fig. 4 (b) when the equilibration state is achieved. In our experiments, the duration of the gas supply is sufficient to achieve equilibrium.
Furthermore, Figs. 4(c)-(d) show that the plasma density in Figs. 4(a)-(b) is uniform along the axis inside
the capillary, which is in agreement with the experimental results in Fig. 3 . The relationship between the supplied gas pressure PH 2 and the pressure inside the capillary in equilibrium is nearly linear within a 95%
confidence level, as shown in Fig. 4(e) . The GP density, shown in Fig. 4(e) , is the fully ionized plasma density of hydrogen and can be determined by the gas pressure inside the capillary. 
III. EXPERIMENTAL RESULTS AND DISCUSSION
In this section, by measuring the plasma density, we first determined that the ablation occurred in the quartz capillary at different discharge currents and gas pressures. Then the influence of the discharge current and gas pressure on the ablation was also investigated in subsection A. Once the ablation occurred in the quartz capillary, the plasma density distribution would be uncontrollable and the life time of the quartz capillary would also be affected. Therefore, in order to obtain a controllable plasma density distribution, the ablation in the capillary should be avoided or mitigated, which was investigated in subsection B.
A. The influence of the discharge current and gas pressure on the ablation
After obtaining the gas pressure inside the capillary, to determine whether the ablation occurred in the capillary, the ionization degree, = ⁄ , was introduced; where is the total plasma density and is the fully ionized GP density. The fully ionized GP density can be determined from the gas pressure measured by the calibrated gas transducer, as shown in Fig. 4(e) , and the total plasma density can be measured by the spectrometer. Therefore, by using the experimental setup shown in Fig. 2(b) to measure the single-point plasma density, the ionization degree can be obtained from experiments; note that if > 1, the ablation occurred in the capillary. As the plasma density is always uniform along the capillary, as shown in Fig. 3 , in the following experiments, for consistency, we investigated the plasma density only at the center of the capillary. Fig. 5 shows a typical evolution of the plasma density and the corresponding ionization degree under the condition of 11.0 Torr (7.0×10 17 cm −3 ) in the capillary and a peak discharge current of 100 A. The total plasma density (red curve) evolution is similar to the discharge current evolution profile (violet curve), with its peak delayed by 120 ns compared with that of the discharge current 22, 30 . The ionization degree (blue curve) achieves 1.0 as the discharge current increases to a maximum of 100 A at a time delay of ~440 ns. Following that, the discharge current begins to decrease, while the plasma density and the ionization degree increase further and achieve their maximum ( = 1.1) at a time delay of 560 ns. Then, the total plasma density and the ionization degree begin to decrease, and the ionization degree reduces to 1.0 again at a time delay of 660 ns. Therefore, we suspect that there could be a slight ablation in the 9 hydrogen-filled quartz capillary in the time delay range of 440-660 ns under the conditions of a 100-A discharge current and 11.0-Torr gas pressure. The extra plasma density is attributed to the erosion of the inner wall of the quartz capillary.
FIG. 5. (Color Online)
Measured single-point total plasma density (a) and the corresponding ionization degree evolution (b) at a peak discharge current of 100 A and gas pressure of 11.0 Torr inside the capillary.
To further investigate the ablation in the quartz capillary quantitatively, two parameters, known as ablation rate and ablation intensity, were introduced to measure the ablation in the capillary at different discharge currents and gas pressures. The ablation rate was defined as = ⁄ and the ablation intensity was the intensity of the spectral line of the element silicon (634.7 nm) in the quartz capillary.
For analyzing the effect of the discharge current on the ablation, the discharge current was increased from 100 A to 120 A while maintaining 11.0 Torr gas pressure in the capillary, as comparison. As shown by the results in Fig. 6 , the ionization degree (black curve) achieves 1.0 at the time delay of ~380 ns; after which the ablation occurs and the corresponding ablation rate (green curve) and ablation intensity (blue curve) begin to increase until their maxima is achieved. The maximum ionization degree is 1.6 and the corresponding maximum ablation rate is 0.375, which indicates that the ablation in the hydrogen-filled quartz capillary intensely affects the plasma density distribution and cannot be neglected at 120 A.
Compared with the case of 100 A, shown in Fig. 5 , the hydrogen-filled quartz capillary tends to be more strongly ablated in the case of a higher discharge current.
FIG. 6. (Color Online) Measured single-point total plasma density (a) and the corresponding ionization
degree (black curve), the ablation rate (green curve) and the normalized ablation intensity (blue curve) evolution (b). The discharge current and gas pressure inside the capillary are 120 A and 11.0 Torr, respectively.
In addition, to investigate whether the ablation is related to the gas pressure in the capillary, we decreased the gas pressure inside the capillary from 11.0 Torr to 3.8 Torr (2.36×10 17 cm −3 ) while maintaining a discharge current of 100 A. As shown in Fig. 7 , the ablation in the quartz capillary primarily occurs in the range of 370-700 ns and the ionization degree are always greater than 1.0 in this range of time delay. The maximum ionization degree (black curve) and ablation rate (green curve) are 2.02 and 0.51, respectively. Hence, the AP density is comparable to the hydrogen GP density in the capillary. By comparing it with the case of 11.0 Torr, shown in Fig. 5 , a conclusion can be elicited that in addition to the factor of discharge current, the ablation in the capillary is also affected by the gas pressure inside the capillary and the ablation becomes stronger with lowering of the gas pressure. Therefore, it can be concluded that the ablation is strongly influenced by the discharge current and gas pressure inside the capillary and it becomes stronger with higher the discharge current and lower the gas pressure. This conclusion, as we suspect, can be explained as follows: the hydrogen inside the capillary under low gas pressure and high discharge current can be ionized completely by taking only a small portion of the discharge energy, but the remaining discharge energy is used to ablate the inner wall of the capillary.
Once the ablation occurred, the lifetime of the quartz capillary and the plasma density distribution in it will be affected. Therefore, to obtain a controllable plasma density distribution, it is essential for the ablation to be avoided or mitigated by choosing suitable discharge current and gas pressure conditions inside the capillary.
B. Mitigation of the ablation in quartz capillary discharge waveguide
To mitigate the ablation in the quartz capillary and obtain a controllable plasma density distribution, suitable discharge current and gas pressure ranges were investigated by measuring the plasma density and the ablation rate at different discharge currents and different gas pressures. The discharge currents used in our experiments are 70 A, 100 A and 120 A, which represent the low, moderate and high discharge current, respectively. Based on these three cases of discharge current, the total plasma density and ablation rate at different gas pressures (1. 
and the results are shown in Fig. 8 . Furthermore, in order to make the conclusions more intuitive, we also summarized the maximum total plasma density and maximum ablation rate at these different gas pressures, as shown in Figs. 9(a) and 9(b), respectively.
FIG. 8. (Color Online)
Single-point plasma density evolution profile for different gas pressures at (a) 70 A, (c)100 A, and (e)120 A, and the corresponding ablation rate profiles (b), (d), and (f).
As shown in Figs. 8(a)-(b) , when the discharge current (violet curve) is 70 A, the gas pressures used in experiments are 1.9 Torr (olive curve), 3.8 Torr (red curve), and 7.5 Torr (green curve), respectively. The measured maximum total plasma density is 1.87×10 17 cm −3 (1.9 Torr), 2.47×10 17 cm −3 (3.8 Torr), and 4.84×10 17 cm −3 (7.5 Torr), respectively. The corresponding ablation rates are 0.36, 0.03, and 0.01, respectively. Thus, the ablation in the capillary at a peak discharge current of 70 A is strong in the case of 1.9 Torr and weak in the cases of 3.8 Torr and 7.5 Torr. Therefore, we conclude that for the peak current of 70 A, the gas pressure should be higher than 3.8 Torr to obtain a controllable plasma density in the capillary. The suitable gas pressure range that mitigates the ablation in the case of 70 A discharge current can also be obtained in Fig. 9(a) , as shown by magenta dashed ellipse. The gas pressure range surrounded by the magenta ellipse is ~3.8-8.0 Torr. It can be found that in the magenta ellipse region, the maximum 13 total plasma density is equal to the fully ionized GP density (red curve), which means that, in the case of 70 A discharge current, the ablation in the quartz capillary can be neglected in the gas pressure range of ~3.8-8.0 Torr.
When the peak discharge current was increased to 100 A, as shown in Figs. 8(c)-( However, the ablation can be neglected in the cases of 11.0 Torr and 14.7 Torr. Therefore, to obtain controllable plasma density in a quartz capillary at a discharge current of 100 A, the suitable gas pressure values are in the range of 11.0-14.7 Torr. As shown in Fig. 9 (a), this suitable gas pressure range in the case of 100 A discharge current can also be obtained by olive dashed ellipse region. It can be found that, in the olive ellipse region, the maximum total plasma density is nearly equal to the fully GP plasma density.
Therefore, in the case of 100 A discharge current, the ablation in quartz capillary can be neglected in the gas pressure range of ~11.0-14.7 Torr, and the corresponding maximum plasma density varies in the range of 7.0×10 17 -9.4×10 17 cm −3 .
When the peak discharge current was further increased to 120 A, as shown in Figs. 8(e)-(f), the measured maximum total plasma density in the cases of 11.0 Torr (blue curve), 14. the corresponding maximum ablation rates in these three gas pressure cases are 0.375, 0.23, and 0.06, respectively. Thus, the ablation in the quartz capillary in the cases of 11.0 Torr and 14.7 Torr is strong.
Therefore, a controllable plasma density in the quartz capillary can be obtained at a discharge current of 120 A when the gas pressure is larger than 19.0 Torr. This suitable gas pressure range can also be obtained in Fig. 9 (a) by violet dashed ellipse. It can be seen that, in the case of 120 A discharge current (green curve), when the gas pressure is lower than 19.0 Torr, the measured total plasma density is much larger than the fully GP plasma density, which means that the ablation in the quartz capillary in this gas pressure range is strong. Therefore, in order to mitigate the ablation in the cases of 120 A discharge current, the suitable gas pressure should be larger than 19.0 Torr. Finally, it can be concluded that in order to avoid or mitigate the ablation in quartz capillary and obtain a controllable plasma density, the suitable gas pressure inside the capillary is ~3.8-8.0 Torr for 70 A, 11.0-14.7 Torr for 100 A, and higher than 19.0 Torr for 120 A, respectively. In addition, the maximum ablation rate at different discharge currents and different gas pressures are also summarized, as shown in Fig. 9(b) , in which the value of the ablation rate is indicated by the color of the dots. It can be found that these suitable parameters ranges are represented by the marked region in Fig. 9(b) as well. Moreover, according to these results in Fig. 8 and Fig. 9 , it can be found that the ablation in the quartz capillary becomes stronger with lower the gas pressure and higher the discharge current; further, the range of suitable parameters can be extended to the untested parameters, as shown in the bottom right area of the marked region in Fig. 9(b) . However, it can also be seen in Fig. 9 (a) that if the gas pressure is much 15 "higher" than the peak discharge current, the gas in the capillary is ionized only partially and the total plasma density remains basically unchanged due to the limited discharge energy. Therefore, to obtain a controllable plasma density and maximally avoid ablation in future LWFA experiments based on capillary discharge waveguides, the most suitable peak discharge current and gas pressure ranges are ~70-100 A and ~7.5-14.7 Torr, respectively. With this optimized parameters conditions, the corresponding controllable plasma density is in the range of 5.0×10 17 -1.0×10 18 cm −3 , which is promising for multiGeV acceleration.
IV. CONCLUSIONS
We proposed a hydrogen-filled capillary discharge waveguide made of quartz to simplify the fabrication of the gas-filled capillary waveguide used in LWFA experiments. The high-quality quartz capillary is easily available with no strict limit on the length. To avoid the ablation in the quartz capillary during the discharge process, we combined a spectrometer with a calibrated gas transducer to quantitatively measure the ablation plasma density inside the capillary. It was found that the discharge current and gas pressure inside the capillary significantly affect the ablation, which becomes stronger in the quartz capillary with lowering of the gas pressure and increasing the discharge current. In our experiments, the tested suitable peak discharge current range was ~70-100 A and the range of gas pressure inside the capillary was ~7.5-14.7 Torr, corresponding to a controllable plasma density range of 5.0×10 17 -1.0×10 18 cm −3 . These discharge current and gas pressure conditions are promising in future multi-GeV LWFA experiments based on quartz capillary discharge. Technology.
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